Growth of high-quality Bi 2 Se 3 films is crucial not only for study of topological insulators but also for manufacture of technologically important materials. We report a study of the heteroepitaxy of single-crystal Bi 2 Se 3 thin films grown on GaAs and InP substrates by use of molecular beam epitaxy. Surface topography, crystal structure, and electrical transport properties of these Bi 2 Se 3 epitaxial films are indicative of highly c-axis oriented films with atomically sharp interfaces.
INTRODUCTION
Topological insulators (TIs) are a newly discovered class of materials that host new phases of quantum matter in which time-reversal-symmetryprotected electrical conduction is confined to the surfaces and edges. [1] [2] [3] In TIs, the spin of charge carriers is locked to their momentum, enabling spatial separation of spin-up and spin-down surface conduction channels. The spin-momentum locking and helical spin textures have been confirmed by angular resolved photoemission spectroscopy (ARPES). [4] [5] [6] These properties render TIs ideal candidates for electrical control of spin and for novel spintronic devices. 7, 8 Among all three-dimensional (3D) TIs, for example Bi 1Àx Sb x ; Bi 2 Se 3 ; Bi 2 Te 3 and Sb 2 Te 3 ; Bi 2 Se 3 has the largest band gap ($0.3 eV) and the most ideal single Dirac cone in the middle of the bulk band gap, as is apparent from APRES experiments. However, for bulk grown Bi 2 Se 3 and other 3D TIs, the Fermi energy is high in the bulk conduction band and not in the gap. 9 Intermixing of the surface and bulk states at the Fermi energy complicates access to low-energy (Dirac point) charge transport. From the perspective of transport experiments (and device physics), major challenges are significant bulk conduction and the difficulty of separating the surface contribution from that of the bulk.
To address these issues much effort has been devoted to growing epitaxial thin films by molecular beam epitaxy (MBE). Epitaxial layer-by-layer growth by MBE enables precise control over layer thickness, and layers with good uniformity and surface quality are obtained. The slow growth rates and low growth temperatures of MBE furnish highly ordered materials and multilayered structures of dissimilar materials, of importance for the design of devices. The ultra-high vacuum in MBE reduces the incorporation of unwanted impurities, which is crucial to investigation of transport properties, and reduces ambiguities when incorporating wanted dopants. 10 Because these are epitaxial layers, choice of the substrate may be important, and may affect the properties of the materials, for example interface flatness and sample crystallinity. In this work we used a multiple chamber MBE system with III-V and II-VI chambers, which enables sophisticated substrate preparation. Previously, MBE films of Bi 2 Se 3 have been grown on such substrates as graphene/SiC, [11] [12] [13] silicon, [14] [15] [16] [17] SrTiO 3 , 18, 19 GaAs, 20, 21 and sapphire 22 . In this study, we investigated Bi 2 Se 3 growth on sapphire(001), GaAs(111)B, InP(001), and InP(111)B. GaAs and InP are two very commonly used III-V semiconductors. Improving sample quality on these two substrates will not only lead to further studies and spintronics applications, but also make the whole family of III-V semiconductors available for growth of Bi 2 Se 3 superlattice and heterostructures for device applications.
EXPERIMENTAL PROCEDURES
Our Bi 2 Se 3 thin films were grown in a dedicated growth chamber connected by UHV transfer modules to two other chambers, one for growth of II-VI compound semiconductor structures the other for III-V compound structures, so that seamless transfers between chambers can be accomplished, both for use of the diagnostics tools installed in those chambers, for example reflection high-energyelectron diffraction (RHEED), and for growth of multilayered structures combining TIs with conventional semiconductors or metals. The TI chamber is pumped by means of a cryopump and a small ion pump; the vacuum is typically less than 1 9 10 À9 Torr during growth. High-purity 6N bismuth (Bi) and selenium (Se) fluxes were provided by conventional Knudsen cells and measured by use of ion gauges placed in the path of the fluxes. We found that an optimum beam equivalent pressure ratio of $1:10 Bi to Se 10 leads to growth rates of 30 nm/h as confirmed by ex situ film thickness measurement. A lower Bi flux leads to lower growth rates and a higher Bi flux to diminished material quality. Substrate temperature during MBE growth was calibrated to a nominal temperature of 200°C. This condition was optimum; higher temperatures led to reduced growth rate or no growth at all whereas lower temperatures led to diminished material quality. Samples were investigated with RHEED immediately after growth. X-ray diffraction (XRD), atomic force microscopy (AFM), cross-sectional high-resolution transmission electron microscopy (HRTEM), and Raman spectroscopy were performed after removal of the sample from the chamber. Transport measurements were performed in a physical property measurement system (PPMS).
RESULT AND DISCUSSION
Different substrates were used, and different surface-preparation procedures were used for the different substrates. For Bi 2 Se 3 grown on GaAs and InP, after use of a standard procedure to remove the oxide, a III-V buffer layer was grown in a III-V chamber before growth of the Bi 2 Se 3 layer. GaAs was grown on the GaAs substrate and lattice-matched InGaAs was grown on the InP substrate. For samples grown on InP(001) substrates, a second buffer layer of ZnCdSe, also lattice-matched to InP, was grown on the InGaAs layer in a II-VI chamber, before growth of Bi 2 Se 3 , which was performed in a third chamber dedicated to growth of this material. For Bi 2 Se 3 grown on sapphire, the substrate was heated to 650°C for 2 h before growth. The GaAs and InP substrates used in this experiment were semi-insulating, and the sapphire was undoped. All substrates had a miscut to their desired plane below 0.5°C.
Bi 2 Se 3 on Sapphire
Sapphire(0001) was used first because it is relatively well studied 22, 23 and it enabled us to verify our Bi 2 Se 3 growth conditions. Before growth, sapphire was degassed at 450°C for 30 min, heated to 650°C at 5°/min, then maintained at this temperature for 2 h. Figure 1a shows the RHEED pattern of one sample grown at 200°C with selenium-rich growth conditions (Bi/Se flux ratio approx. 1:10). Sharp 1 9 1 diffraction streaks confirm the good crystalline quality of the film. The crystalline order of the sample was also confirmed by the strong signal from the Bi 2 Se 3 layer in XRD (Fig. 1b) . The morphology of the films, as characterized by AFM, is shown in Fig. 1c ; the RMS roughness was $0.6 nm. These results are comparable with those reported in the literature for other samples, 22 indicating that our growth conditions are optimum.
Bi 2 Se 3 on GaAs(111)B
The main purpose of this work was to grow TI films on III-V semiconducting substrates, because of their many technological applications. GaAs(111) is a widely used, technologically important, III-V substrate which has been successfully used with different methods. 20 , 21 . The surface has a hexagonal lattice with 3.55% lattice mismatch to Bi 2 Se 3 . Figure 2a shows the structure of our sample on GaAs(111)B, which includes a 150 nm thick GaAs epitaxial buffer layer. The XRD results in Fig. 2b confirm the crystal structure of the sample. The Raman spectrum of the sample, shown in Fig. 2c Figure 2e is a 3D plot of the sample's surface obtained by AFM. It shows the presence of triangular features approximately 5 lm 9 5 lm in area and 20 nm high. In Fig. 2f , a AFM image of the same sample shows smaller triangular features with a lateral size of approximately 100 nm and a few nanometers high that grew on top of the larger features. Here, the measured RMS was approximately 2.6 nm. Electrical measurements were conducted at T = 2 K by using the van der Pauw contact configuration in magnetic fields up to 5 T applied in the direction perpendicular to the film's plane. Figure 2d shows a cusp in the magnetoresistance (MR) measurement consistent with weak anti-localization, as reported in the literature 30, 31 for Bi 2 Se 3 . From the Hall measurements, our sample was found to be n-type. The sheet carrier concentration was approximately 4 9 10 13 cm À2 and the mobility was 520 cm 2 (Vs) À1 which is comparable with that of samples grown on GaAs by other groups 20 
Bi 2 Se 3 on InP(001)
InP is another important III-V substrate with the same zinc blende lattice structure as GaAs. Bi 2 Se 3 on InP(001) has been successfully grown by MBE, furnishing Bi 2 Se 3 (221), 26 and by hot-well epitaxy 27 furnishing the (001) orientation. In this case we grew a ZnCdSe buffer to improve the chemical compatibility between the substrate and the TI, on the basis of similar work which used a ZnSe buffer on GaAs(111)B. 20 The structure is shown in Fig. 3a . We observed an abrupt transition of the RHEED pattern from the 2 9 1 of the ZnCdSe surface (Fig. 3b) to the sharp and streaky pattern of the Bi 2 Se 3 surface (Fig. 3c) . When we studied the RHEED screen while rotating the sample, we saw the features in Fig. 3c repeat every 60°, which suggests our samples have a sixfold pattern, which is characteristic of the Bi 2 Se 3 hexagonal structure. We also observed a strong signal in XRD from our Bi 2 Se 3 layer, as can be seen in Fig. 3d . For Raman spectroscopy (Fig. 3e) we used parallel (XX) and perpendicular (XY) polarization configurations of the incident and scattered light. For the upper curve, polarization of the incident and scattered light beams was parallel, so the curve corresponds to the xÀx component of the Raman tensors. For the lower curve the incident and scattered light beams were polarized perpendicular to each other, so the curve thus represents the xÀy component. These results are consistent with the crystal symmetry predicted from group theory. 25 To confirm epitaxial growth of our Bi 2 Se 3 film, HRTEM was performed on one of the samples grown on the ZnCdSe buffer. Figure 3f shows the image of the interface between Bi 2 Se 3 and ZnCdSe. It shows a smooth and abrupt interface and good crystalline quality. The surface topography of the samples was also characterized by AFM. Figure 3g shows a typical AFM image of the samples with RMS roughness of $0.8 nm. A higher-magnification view of the surface revealed triangular terraces on the sample.
To obtain Hall measurements, and to isolate the highly conducting InGaAs buffer, we doped the InGaAs buffer layer with beryllium, which makes the buffer layer p-type, thus creating a space charge region that isolates the TI layer from the buffer layer. Hall measurement shows that the film is n-type, and sheet carrier concentration of the samples are 6-9 9 10 12 cm À2 with mobility of 490-750 cm 2 (V s) À1 , comparable with the best reported results for Bi 2 Se 3 MBE samples on any substrate.
18,32 Figure 3h shows MR data obtained at different temperatures. With increasing temperature, linear behavior is initially observed at approximately 30 K; eventually a conventional quadratic MR is recovered.
Bi 2 Se 3 on InP(111)B
The InP(111) surface is highly interesting because of its very small lattice mismatch ($0.2%) with Bi 2 Se 3 and correct symmetry. 28, 29 The structure of the TI film grown on InP(111)B is shown in Fig. 4a . The sharp and streaky RHEED pattern observed at the end of growth indicates good surface quality. A strong signal from Bi 2 Se 3 was also observed in XRD (Fig. 4b) . The AFM image in Fig. 4c shows the smoothest surface of any of the substrates we prepared; the RMS roughness, without any ZnCdSe buffer layer, was $0.3 nm. Other measurements of this sample, including electronic transport are in progress.
CONCLUSIONS
By using III-V and II-VI buffer layers in a multichamber MBE system we were able to grow high-quality Bi 2 Se 3 epitaxial layers on III-V semiconductor substrates prepared by use of different surface methods. We obtained good TI quality for GaAs(111)B with GaAs buffer, as reported elsewhere. 20, 21 High quality Bi 2 Se 3 on InP(001) was obtained by use of a ZnCdSe buffer layer; low carrier concentrations and good carrier mobility were also observed. The best surface-quality film was achieved on InP(111)B substrate, and was grown without a II-VI buffer layer.
